Computer-aided technical work is of great help in photovoltaics because most of the system components are described by nonlinear equations and the node circuit equations that have to be solved to find the values of the currents and voltages, most often do not have analytical solutions. This paper describes the operation of a solar cell through a simplified analytical model implemented in PSpice. Through this new method, the three main solar cell magnitudes are described and their relationships are illustrated in an ideal situation. This PSpice model is used to study analytically the short circuit current, quantum efficiency, open circuit voltage, fill-factor, and the conversion efficiency of the conventional pn-junction ideal solar cell.
Introduction
Photovoltaics (PV) is the most direct way to convert solar radiation into electricity and is based on the photovoltaic effect, which was first observed by Henri Becquerel [1] in 1893. It is quiet generally defined as the emergence of an electric voltage between two electrodes attached to a solid or liquid system upon shining light onto the system. The solar cell is a device that incorporates this principle of photovoltaic and produces electricity when light absorption occurs in a semiconductor material [2] .
A schematic representation of a p-n junction solar cel is shown in Figurer 1. It consists of a shallow p-n junction formed on the surface, a front ohmic contact stripe and fingers, a back ohmic contact that covers the entire back surface, and an antireflection coating on the front surface. This allows the collection of the photo-generated current as most of the surface has a low reflection coefficient in the areas not covered by the metal grid. The p-n junction separates the emitter and base layer and is very close to the front surface in order to have high collection probability for photogenerated charge carriers.
As can be seen, in Figure 1 , when the solar cell is exposed to solar spectrum, electron-hole pairs are generated upon the light quanta being absorbed, and if their recombination is prevented they can reach the junction where they are separated by an electric field, thus a non-zero photocurrent is generated in the external electric short circuit.
PSpice [4] is computer-aided circuit simulation program that permits evaluation of the effects of variation in elements, assessment of performance improvements or degradations, sensitivity analysis to determine the permissible bounds and optimization of design of electronic circuits. Hence PSpice is a good choice of simulator for modeling c-Si solar cell.
A PSpice model for ideal p-n junction solar cell has been developed and based on this model the basic parameters (such as open circuit voltage, short circuit current, external and internal quantum efficiency, maximum power point, fill-factor and conversion efficiency) of solar cell are evaluated. This simplified model assumes a solar cell of uniform doping concentrations in both the emitter and the base regions and homogeneous illuminetion by sunlight.
Analytical Solar Cell Model
Solar cells are made out of a semiconductor material where the following main phenomena occur, when exposed to light: photon reflection, photon absorption, generation of free carrier charge in the semiconductor bulk, migration of the charge and finally charge separation by means of an electric field. The main semiconductor properties condition how effectively this process is conducted in a given solar cell design. Among the most important are: 1) Absorption coefficient, which depends on the value of the bandgap of the semiconductor and the nature, direct or indirect of the bandgap.
2) Reflectance of the semiconductor surface, which depends on the surface finishing: shape and antireflection coating.
3) Drift-diffusion parameters controlling the migration of charge towards the collecting junction, these are carrier lifetimes, and mobilities for electron and holes. 4) Surface recombination velocities at the surfaces of the solar cell where minority carriers recombine.
The calculation of the photo-response of a solar cell to a given light spectrum requires the solution of a set of five differential equations, including continuity and current equations for both minority and majority carriers and Poisson's equation. We have used an analytical model for the currents generated by an illuminated solar cell, because a simple PSpice circuit can be written for this case, and by doing so, the main definitions of three important solar cell magnitudes and their relationships can be illustrated. These important magnitudes are: spectral short circuit current density, quantum efficiency and spectral response.
A solar cell can in a first-order model, be described by the superposition of the responses of the device to two excitations: voltage and light. The simplified equation governing the current of the solar cell is given by:
where I SC is the short circuit current generated by a sola cell, I 0 is the reverse saturation current of pn-junction diode, q is electron charge, k is Boltzman constant and T is temperature in Kelvin. This is the simplest, yet the most used model of a solar cell in Photovoltaics and its applications, and can be easily modeled in PSpice code by a current source of value Isc and a diode. Although I 0 is a strong function of the temperature, we will consider that I 0 can be given a constant value.
Quantum efficiency is an important solar cell magnitude which is defined as the number of electrons produced in the external circuit by the solar cell for every photon in the incident spectrum. Two different quantum efficiencies can be defined, internal and external, as:
where  0 is photon flux and R is reflection coefficient.
The open circuit voltage, Voc can be given by
where V T is thermal voltage, J 0 is reverse saturation current density. Equation (3) indicates that the open circuit voltage is independent of the cell area, which is an important result because, regardless of the value of the cell area, the open circuit voltage is always the same under the same illumination and temperature conditions. The output power of a solar cell is the product of the output current delivered to the electric load and the voltage across the cell. The value of the power at the short circuit point is zero, because the voltage is zero, and also the power is zero at the open circuit point where the current is zero. There is a positive power generated by the solar cell between these two points. It also happens that there is a maximum of the power generated by a solar cell somewhere in between. This happens at a point called the maximum power point (MPP) with the coordinates V = V m and I = I m .
A parameter called fill factor (FF) is defined as the ratio between the maximum power P max and the V oc I sc product:
The fill factor has no units, indicating how far the product V OC I SC is from the power delivered by the solar cell. The power conversion efficiency η is defined as the ratio between the solar cell out put power and the solar power impinging the solar cell surface, P in . This input power equals the irradiance multiplied by the cell area:
As can be seen the power conversion efficiency of a solar cell is proportional to the value of the three main photovoltaic parameters: short circuit current density, open circuit voltage and fill factor, for a given irradiance G.
One way to handle a PSpice circuit is to define subcircuits for the main blocks. This is also the case of a solar cell, where a subcircuit facilitates the task of connecting several solar cells in series or in parallel. The PSpice model of the subcircuit of an ideal solar cell is shown in Figure 2 which is the circuit representation of Equation 1. The case in photovoltaics is that a solar cell receives a given irradiance value and that the short circuit current is proportional to the irradiance. In order to implement this in PSpice, the value of the short circuit current is assigned to a G-device which is a voltage-controlled current source. Table 1 listed the parameters that we counted to write the code for sub-circuit for a solar cell.
Motivation and Significance of the Model
The rapid growth of the industry over the past few years has expanded the interest and the need for education and training worldwide at all levels of photovoltaics, but especially at the system level where more people are involved. Photovoltaic system engineering and system design is often treated only superficially in existing books on photovoltaics. This work appears to be the first including computer modeling of photovoltaic systems with a detailed and quantitative analysis. PSpice is a good choice of simulator for this modeling because of its worldwide use in electric and electronic circuit simulation and its widespread availability. It can be used synergistically to learn about photovoltaic systems or to solve technical problems of design, sizing or analysis. Computer-aided technical work is of great help in photovoltaics because most of the system components are described by nonlinear equations and the node circuit equations that have to be solved to find the values of the currents and voltages, most often do not have analytical solutions. Moreover, the characteristics of solar cells and PV generators strongly depend on the intensity of the solar radiation and on the ambient temperature. As these are variable magnitudes with time, the system design stage will be more accurate if an estimation of the performance of the system in a long-term scenario with realistic time series of radiation and temperature is carried out. The main goal of this work is to help understand PV systems operation gathering concepts, design criteria and conclusions, which are either defined or illustrated using computer software, namely PSpice.
Results and Discussion
Our model gives the value of the photocurrent collected by a 1 cm 2 surface solar cell, and circulating by an external short circuit, when exposed to a monochromatic light. Once the base and emitter components of the spectral short-circuit current density has been calculated, the total values of the spectral short-circuit current density at a given wavelength, λ is calculated by:
As can be seen the absorption bands of the atmosphere present in the AM1.5 spectrum are translated to the current response and are clearly seen in the corresponding wavelengths in Figure 3 . The base component is quantitatively the main component contributing to the total current in almost all wavelengths except in the shorter wavelengths, where the emitter layer contribution dominates. As can be seen in Figure 4 , the internal quantum efficiency has a maximum of around 95% at 0.7 mm of wavelength and fades away from the maximum value at the two ends of the spectrum. Of course the solar cell geometry and design has much influence in the QE shape and values, and a solar cell is more ideal as the IQE becomes as large as possible at all wavelengths, the maximum value of the IQE being 100%.
The graph shown in Figure 5 illustrates the I-V characteristics and power generated by an ideal silicon solar cell when illuminated by monochromatic light.
Care must be taken throughout this article in noting the axis units returned by the PSpice simulation because, as is shown in Figure 3 , the y-axis returns values in volts which have to be interpreted as the values of the spectral current density in mA/cm The factor converts the data of the wavelength from micron to metre. The constant multiplying the integral value in the e-device, comes from the fact that PSpice performs "time" integration whereas we are interested in a wavelength integration and we are working with wavelength values given in microns.
Using the cursor utility in Probe, the values of Voc and Isc are measured, and the coordinates of the MMP can be easily found plotting the I-V product as a function of the applied voltage. The results are shown in Table 2 . 
Conclusions
The presented PSpice simulation results are a detailed study of solar cell parameters modeling in ideal case. The basic equations of a solar cell are described. The dark and illuminated I-V characteristics are analytically described and PSpice models are introduced for the simplest model, composed of a diode and a current source. The fundamental electrical parameters of the solar cell are defined: short circuit current (I SC ), open circuit voltage (V OC ), maximum power (P max ) and fill factor (FF). The presented model takes into account only numerically treatable features, and hence the PSpice results have to be considered as first-order results. Using this model, it will possible to study the solar cell while taking into account the all practical constraints associated with the operating conditions of the solar cell in real world applications.
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